Introduction
Sorafenib (NEXAVAR®, BAY 43-9006) is an orally bioavailable small molecule, belonging to the class of compounds defined as bisaryl ureas, that was designed to specifically target Raf kinase [1] [2] [3] . An inhibitor of the adenosine triphosphate binding site of Raf kinase that is active in growth factor over-expressing and mutated K-Ras-bearing cell lines, sorafenib was the first compound of its class to enter clinical trials. In vitro kinase assays suggest that sorafenib is a potent inhibitor of wild type and mutant (V599E) B-Raf and c-Raf Kinase isoforms in vitro. Under cell-free conditions, sorafenib also inhibits several receptor tyrosine kinases (RTKs) that are involved in tumor progression: human VEGFR-2, murine VEGFR-2, murine VEGFR-3, murine PDGFR-β, Flt-3, c-KIT, and p38α (MAPK family). In cellular assays, sorafenib is a potent inhibitor of human and murine VEGFR-2, murine VEGFR-3, and murine PDGFR-β receptor autophosphorylation. Sorafenib exhibits activity against a wide spectrum of malignancies in vitro and in vivo; and it is currently approved for treatment of renal and hepatocellular cancer.
Bortezomib (VELCADE®, PS341) is a small molecule proteasome inhibitor that is currently approved for the treatment of multiple myeloma in patients who have received at least one prior therapy. Bortezomib has a novel pattern of cytotoxicity in in vitro and in vivo assays [4] and in a variety of xenograft tumor models, both as a single agent and in combination with chemotherapy and radiation [5] [6] [7] . The anti-neoplastic effect of bortezomib likely involves several distinct mechanisms, including inhibition of cell growth and survival pathways, induction of apoptosis, and inhibition of expression of genes that control cellular adhesion, migration and angiogenesis. Bortezomib is thought to exert its effects in multiple myeloma through inhibition of nuclear factor κB (NF-κB) activation, attenuation of interleukin-6 (IL-6)-mediated cell growth, direct induction of apoptosis, and possibly antiangiogenic effects [8] .
We previously demonstrated that sorafenib and bortezomib synergistically induced mitochondrial injury and apoptosis in a broad range of solid tumor and leukemia cell lines [9] . Treatment with the combination led to decreased phosphorylation of vascular endothelial growth factor receptor-2, platelet-derived growth factor receptor-beta, and Akt and increased phosphorylation of stress-related c-Jun NH2-terminal kinase (JNK). Another study in hepatocellular cancer suggested that protein phosphatase 2A (PP2A) mediated Akt inhibition was critical for the activity of this combination [10] . Given promising in vitro data, we conducted a phase 1 clinical trial to (1) determine the maximum tolerated dose (MTD) of sorafenib in combination with bortezomib; (2) describe the toxicities associated with the combination and (3) preliminarily evaluate the therapeutic antitumor activity of the combination in the setting of advanced solid tumors.
Patients and methods
The study was conducted in collaboration with CTEP/NCI, following approval from the Mayo Clinic Institutional Review Board, and was registered on www.clinicaltrials.gov (NCT00303797). Patients over 18 years of age, with cytologic or histologic proof of unresectable cancer without curative treatment options, were enrolled provided they had adequate hematological (neutrophils≥1,500/μL; hemoglobin≥9 g/dl; platelets≥100,000/μL) and organ function (total bilirubin≤1.5 x upper limit of normal (ULN), AST≤3×ULN or AST≤5×-ULN if liver involvement, creatinine≤1.5×ULN). Inclusion on the study required an ECOG performance status<= 2, no residual adverse effects from preceding therapy, and no active infection. A New York Heart Association classification III or IV, presence of uncontrolled hypertension, more than grade 1 sensory peripheral neuropathy of any etiology or neuropathic pain of any etiology, need for therapeutic anticoagulation or active HIV infection requiring therapy excluded patients from participating.
Patients received sorafenib orally daily along with bortezomib administered intravenously on days 1, 4, 8, 11 of a 3-week cycle. The dose escalation plan for the phase 1 trial is shown in Table 1 . This single arm phase I study was designed to determine the MTD and toxicity of sorafenib and bortezomib administered in combination and used the standard cohort 3+3 design. Three patients were treated at each dose level and observed for a minimum of 3 weeks (i.e. one full cycle) before new patients are treated. No intra-patient dose escalation was allowed. MTD was defined as the dose level below the lowest dose that induces dose-limiting toxicity in at least one-third of patients (at least 2 of a maximum of 6 new patients). The trial was designed to enroll additional patients with hematological malignancies at the MTD.
DLT was defined as Grade 4 ANC for≥5 days, Grade 4 anemia of any duration, PLT<25,000 of any duration (hematologic), serum creatinine ≥2 times baseline or>2×ULN if baseline levels are within normal range, or any other ≥ grade 3 adverse event as per NCI CTCAE v3.0, except fatigue. Any toxicities that caused dose delay of >2 weeks of the intended next dose were also considered dose-limiting. In addition, grade 3 nausea, vomiting, or diarrhea with maximal supportive treatment (s) was also considered dose-limiting.
Results
Fourteen patients (12 solid tumor patients in the dose escalation cohort and 2 hematological malignancies patients at the MTD) were enrolled and treated between December, 2005 and September, 2008. The patient characteristics are as shown in Table 2 . All patients were off treatment as of May, 2009. Ten of these patients (7 treated at dose level 1 and 3 at dose level 2) went off treatment due to disease progression. The other one patient treated at dose level 1 refused further treatment and the other three patients treated at dose level 2 went off treatment due to adverse events.
All 12 patients enrolled in the solid tumor dose escalation cohort were evaluable for DLT analysis. In this cohort, DLT was seen in two patients at dose level 2 (one patient had a grade 3 abdominal pain and grade 4 lipase and another patient had grade 3 emesis). As a result, dose level 1 was identified as the recommended phase 2 dose. Two additional patients with hematological malignancies were accrued to MTD cohort (dose level 1) before the study was permanently closed. Considering all 14 enrolled patients, no grade 4 hematologic toxicities or grade 5 toxicities were seen in this study. One grade 4 fatigue and one grade 4 lipase (one of the reported DLTs) were observed during cycle 1. The most common cycle 1 toxicities reported included gastrointestinal toxicities (nausea, anorexia), dermatologic (rash, pruritus), fatigue, and hematological (thrombocytopenia) toxicities. The commonly observed toxicities across all cycles for all the enrolled patients are shown in Fig. 1 .
The best response was one partial response seen in a patient with renal cell cancer who was treated at dose level 2, which was sustained for 2 cycles. Another patient with renal cell cancer treated at dose level 1 had a stable disease for 2 cycles. Stable disease lasting one cycle was seen in 2 patients treated at dose level 2 (lung, adrenal gland) and 2 patients treated at dose level 1 (pancreas, multiple myeloma). Follow up details of the enrolled patients are provided in Table 3 . The median time to progression for the entire cohort was 53 days: 48 days in dose level 1 and 90 days in dose level 2.
Discussion
Sorafenib has exhibited activity in the context of multiple types of cancers and is currently approved for treatment of hepatocellular and renal cell cancer [11, 12] . In addition, preclinical studies and ongoing phase 2 trials have suggested activity in other cancer types as well. Bortezomib, the first proteasome inhibitor to enter the clinical arena, has also demonstrated clinical efficacy in multiple cancer types, particularly multiple myeloma and mantle cell lymphoma [13, 14] . As with sorafenib, bortezomib appears to have promise in other cancer types and is under active investigation ion multiple settings. Based on the preclinical data demonstrating synergy when these drugs are combined and the delineation of possible mechanisms for the synergy, we undertook this phase 1 trial in patients with solid tumors. While the overall rates and pattern of toxicity were as expected based on the known toxicity profile of the individual drugs, we reached an MTD at doses (sorafenib 200 mg twice daily and bortezomib 1.0 mg/m 2 days 1, 4, 8 and 11) lower than what is considered standard for either of the drugs as monotherapy (1.3 mg/m 2 days 1, 4, 8 and 11 of 21 days for bortezomib and 400 mg twice daily for sorafenib) [15] . Dose escalation beyond the MTD was associated with GI toxicity. Pancreatitis has been reported with sorafenib and bortezomib monotherapy, even though the frequency is low [16] [17] [18] [19] [20] . Previous reports have also suggested that asymptomatic elevations of pancreatic enzymes may be more common than appreciated with sorafenib; and in some instances patients who developed pancreatitis have been able to go back to treatment with sorafenib without additional problems [16, 19] . In particular, we observed a high incidence of GI intolerance and fatigue with the combination, even though it is unclear whether the fatigue was related more to the primary cancers rather than therapy. Varying degree of nausea and diarrhea have been reported in the sorafenib trials [15, 21, 22] . The other adverse events we observed in this trial were consistent with that reported for either of the drugs.
In terms of efficacy, we did observe a partial response and stabilization of multiple neoplasms in this heavily pretreated population. The partial response was in a patient with renal cell cancer, where sorafenib has reported single-agent activity. In addition a low response rate was seen with bortezomib in a phase 2 trial in patients with renal cell cancer [23] . Stable disease was also observed in one patient each with lung, adrenal and pancreas cancer. Sorafenib has reported activity in the setting of pancreatic cancer in combination with gemcitabine [24] , as a single agent in non-small cell lung cancer [25] , and in metastatic adrenocortical cancer [26] . Similarly, bortezomib has been reported to have limited efficacy in non-small cell lung cancer [27, 28] . In conclusion, we have defined the recommended phase 2 dose of sorafenib and bortezomib used in combination to be sorafenib 200 mg twice daily continuously with bortezomib 1 mg/m 2 intravenously on days 1, 4, 8, 11 of a 21 day cycle. Preliminary assessment of the combination suggests an acceptable toxicity profile and clinically relevant activity that needs further exploration. Future clinical trials should also include patients with B-cell malignancies, where preclinical evidence suggests a synergistic combination [29] .
